Cobalt based pigments are categorized as hazardous materials because they contain a high level of environmentally toxic metals. Therefore, the aim of the present investigation is to partially replace cobalt by magnesium and zinc. The powder compositions are prepared according to the statistical mixture design methodology and Co 1À(x+y) Mg x Zn y Al 2 O 4 is synthesized via sol-gel self-combustion in which glycine is employed as the fuel because it produces nontoxic gases. This study considers a wide range of synthetic factors, including composition (x + y # 0.50), calcination temperature (900-1000 C) and pH (2.5-10.5). The products are characterized via Fourier transform infrared spectroscopy, X-ray diffraction, Brunauer-Emmett- was introduced for the synthesis of nano-sized spinel #30 nm by the substitution of magnesium and zinc for cobalt in the structure of the pigment. In comparison to cobalt aluminate oxide, the modified composition, which contains 33.33 mol% magnesium and zinc, can effectively improve chromatic performance, reduce environmental risk and be employed for the economic production of nano-sized pigments.
Introduction
The consumption of inorganic pigments has rapidly increased since the early 90's because of their application in glass and ceramic decorations using ink-jet technology. Cobalt is a chromatic element which is applied to produce a distinct blue color. 1 In the last decade, the most important challenge faced by pigment producers has been the signicant changes in health and environmental regulations, in which cobalt compositions such as Co 3 O 4 and CoAl 2 O 4 are classied as hazardous materials. Industrial plants may discharge cobalt into water and soil resulting in dangerous effects on human health and environmental toxicity. In order to reduce the pollution caused by cobalt based pigments, it is necessary to decrease the content of cobalt in pigment compositions using applicable techniques.
The inorganic blue pigment that consists mainly of cobalt and aluminium is an intense chromatic material.
2,3 The theoretical formula for this spinel is CoAl 2 O 4 in which the ions are arranged in a cubic close-packed lattice. 4 There are normal and inverse structures for cobalt aluminate oxide. The normal spinel of CoAl 2 O 4 displays a blue colour, whereas green powder is characterized by an inverse spinel structure. 5 Various chemical techniques, such as solid-state reaction, 6 freeze-drying, 7 sonochemical reaction, 8 co-precipitation, 9 sol-gel, 10 emulsion precipitation 11 and hydrothermal methods, 12 have been employed to synthesize ultrane cobalt based pigments. However, these techniques are not only quite complex but also involve long processing times. On the other hand, the sol-gel autoignition technique is well known as a simple, fast and economically viable method to prepare pure nano-structured powders. Sol-gel autoignition typically involves a reaction in a solution of metal nitrates and fuels. 1, 3, 5 The success of the process is related to the appropriate selection of fuel or complexing agent and exothermic redox reaction between the fuel and oxidizer. The main factors affecting this reaction include: type of fuel, fuel to oxidizer ratio, mixture of fuels, pH of solution and rheology of the sol. 13, 14 It seems that the application of fuels containing amino groups can result in the successful preparation of nano-structured CoAl 2 O 4 via the autoignition synthesis route. 15 According the investigation performed by Merino et al., 16 aspartic acid or lysine can be employed as fuels, where the lower crystallite size corresponds to the powder synthesized with aspartic acid.
In order to decrease the cobalt content in blue pigments, modied spinel compositions have been prepared by researchers. A bright blue color was developed by Koroleva treatment. Oxalyldihydrazide was used as a fuel by Bao et al. 19 to prepare new nano-sized blue pigments with the formula MgAl 2 (0 # x # 0.1) were prepared via a coprecipitation-combustion hybrid method using urea as a fuel in air atmosphere. 21 The Co x Zn 1Àx Al 2 O 4 system was synthesized using a polymeric precursor with the aim to achieve blue pigments. 22 According to the results reported by Sedghi et al. 23 the best blue colour is related to Co 0.5 Zn 0.5 Al 2 O 4 powder. Visinescu et al. 24 used starch as a chelating, template and gelation agent for the synthesis of nano-sized Co x Zn 1Àx Al 2 O 4 (x ¼ 0.0-1.0) blue pigments.
The major challenge for the reduced risk, clean and safe commercial manufacture of cobalt based pigments is the indepth understanding of the role of divalent metals due to complex relationship between the nano-crystallite structure and chromatic performance. Although extended investigations regarding the synthesis of cobalt based pigments have been carried out, this study offers a reliable procedure for the development of a blue pigment composition containing magnesium and zinc with a decreased cobalt content. The relationships between the processing parameters are complicated and analysis of the system is tedious work. A systematic investigation using a statistical design of experiments approach is lacking in the literature related to the self-combustion synthesis of cobalt based pigments. Therefore, the mixture design methodology is proposed to determine the optimum composition.
Experimental

Materials and blend of chemical reagents
Solutions were prepared using Al(NO 3 ) 3 
2 O which were purchased from Merck Company. Also glycine, NH 2 CH 2 COOH, (Merck, 56406) was employed as fuel. This fuel can be economically applied for the production of nano-sized spinel which is not only costeffective, but it also reduces the environmental risk due to the generation of nontoxic gases. The main aim of the mixture design methodology is the reliable prediction of dependency between composition and crystallite size and chromatic performance as outcomes of the process with the minimal number of experiments. In this method, the effects of pure, binary and ternary mixtures of starting materials are evaluated on chromatic performance as well as crystallite size. The binary and ternary mixing of nitrates provides the second and third order interactions of metals. Fig. 1 shows the location of points in the mixture space and the metal fractions are given in Table 1 . In order to evaluate the physico-chemical characteristics of CoAl 2 O 4 , only the point at the vertex of triangle, A, was considered. In the other vertices, the proportions of magnesium and zinc are considered to be 0.50; therefore, the cobalt proportion varies between 0.50 and 1.00. The internal points between the centroid and vertices represent the axial compositions which contain a 2/3 portion of one vertex and 1/6 portions of other components. In this experimental design technique, the total moles of divalent metals are kept constant and measured characteristics can be evaluated as a function of metal proportions. In a system with n materials, there are n À 1 independent compositions. A generalized polynomial equation for a system with three divalent metals, f(x 1 ,x 2 ,x 3 ), which describes the measured characteristic, can be adjusted as:
where, x is the molar proportion of metal and b is the coefficient of the adjusted equation. This polynomial should be evaluated by M > n number of points which is considered to be 10 in the present investigation.
Preparation of nano-sized blue pigments
The procedure for the manufacture of cobalt aluminate spinel by autoignition in an industrial plant was simulated on the bench scale. The precursors were synthesized by mixing stoichiometric contents of nitrates to achieve nano-sized blue spinels. The soles were prepared by completely dissolving the reagents in deionized water and the mixtures were mixed using a magnetic stirrer with simultaneous heating on a hot plate at 60 C. The glycine content was set above the stoichiometric amount of 4.5 moles per one mole of product, which was calculated according to propellant chemistry. Then, the selected fuel was slowly added drop-wise to the nitrate solutions with vigorous stirring to achieve homogenous soles. In order to study the effect of solution pH on autoignition, the obtained soles were divided into three parts. The pH of the solutions was adjusted at three levels of 2.5, 7.0 and 10.5 by mixing a few drops of nitric acid and ammonia. The solutions were heated on a hot plate and stirred until most of the water was evaporated. The violet gels were transferred to a porcelain crucible and heated in a muffle furnace at 500 C. Then, the obtained dark green voluminous uffy products were ground to produce powders for calcination. Very ne blue powders were obtained aer the resulting powders were calcined at 900 C and 1000 C for 1 h. Based on propellant chemistry, 15 the principle reaction occurring in the glycine-nitrate system can be represented as:
Characterizations of nano-sized blue pigments L*a*b* colour measurements were carried out on a UV-Vis spectrometer (Model Lambda 19, Perkin Elmer, USA) equipped with a deuterium lamp (Model SD 3651-06 TJ) in the visible wavelength region of 400-700 nm. The crystalline phases of the powders were identied by X-ray diffraction (XRD, Model 6000, Shimadzu, Japan) at the rate of 1 min À1 using nickel ltered Cu-Ka radiation in the 2q range of 10-80 . The X-ray diffraction technique was used to identify the crystalline phases and also to calculate the average crystallite size according to the Scherrer equation:
where, D is the crystallite size, l is the wavelength of X-ray (Cu-Ka, 0.15418 nm), d is the width at the half height of the peak and q is the diffraction angle. FT-IR spectra were recorded on a Fourier transform infrared spectrometer (Model Tensor 27, Bruker, Germany) in the range of 400-4000 cm
À1
. The specic surface areas of the powders were measured using a nitrogen adsorption instrument (Model Gemini 2375, Micromeritics, USA) at 77 K according to the Brunauer-Emmett-Teller (BET) technique. The pigments were degassed at 150 C for 1 h before the measurements. The morphology of the blue pigments was observed by scanning electron microscopy (Model S4160; Hitachi Hightech, Japan). The sample for TEM observation was prepared by dispersing about 1 mg powder in 10 mL ethanol with sonication and then a drop of the suspension was transferred onto a carbon-coated copper grid. Aer drying the sample, the TEM micrograph was obtained using a CM30 Philips electron microscope.
Results
Colorant performance of synthesized powders
Human colour memory is poor to identify colour differences. By considering this problem, the Commission International de l'Eclairage (CIE) dened a Cartesian colorimetric coordinate system, where reected energy can be described by three coordinates. Therefore, a colour can be dened in the colour space by describing whiteness, redness and blueness which are shown by L*, a* and b*, respectively. The difference between two colours, DE, is dened as the geometrical distance between two points:
The variation in DE is represented in Fig. 2 (a) as a function of metal proportions in comparison to the pure CoAl 2 O 4 , composition A. Obviously, the presence of magnesium and zinc inuences the chromatic performance, where a sharp change in DE is observed due to the arrangement of Mg and Zn in the structure of the pigment crystal. By applying an appropriate combination of starting materials it is possible to control the difference between the colours. It is evident that a small difference is related to the pigments prepared with low contents of magnesium and zinc. In other words, if the same contents of these metals, 8.33 mol%, are added to composition the change in DE is negligible, which is composition G. The largest differences correspond to the compositions prepared with a high content of Mg and Zn. The chromatic performances of the powders produced with various contents of magnesium and zinc are considerably different. The presence of Mg and Zn in the crystal structure is the main reason for the whiteness of the pigment. A decrease in the proportions of these metals generally means a better colour development.
The analysis of DE is not a powerful method to gain knowledge about the replacement of cobalt by magnesium and zinc. The degree of blueness is mainly governed by the parameter b*. Thus, a reliable analysis should be performed by comparing b* values to understand the effects of Mg and Zn on chromatic performance. The results presented in Fig. 2(b) show that the chromatic performance is considerably inuenced by the presence of magnesium and zinc in the structure of the pigment. The maximum b* value can be obtained by employing 33.33 mol% Zn and 8.33 mol% Mg. The possibility of replacing a percentage of Mg and Zn with Co in the pigment composition was conrmed to achieve a maximum b* value. The results of laboratory tests show that the replacement of 50.0 mol% of cobalt with the same amount of magnesium and zinc causes the following remarkable effects: a considerable increase in DE and a sharp decrease in b* value, simultaneously. Moreover, magnesium causes a darkening of the colour. Pure magnesium and zinc aluminates crystallized in the isometric system usually represent white luster. Various amounts of other elements such as cobalt impart different colors to the spinels, causing colored luster. The contour plot shows that the b* value varies nonlinearly with the content of metals and reaches the maximum value with addition of 58.33 mol% cobalt. On the contrary, the magnesium content cannot be increased beyond 33.33 mol% due to the signicant change in the b* value. For this reason, the zinc content cannot be increased more than 33.33 mol%. Fig. 2(b) indicates that the b* value is more sensitive to changes in the amount of Mg and Zn. For the composition prepared with 66.67 mol% cobalt, the appropriate value of b* is observed compared to the other pigments. This composition results in a meaningful improvement in b* value.
Crystal characteristics of synthesized powders (422), (511), (440), (620) and (533) planes are identied and marked in Fig. 3 for all the studied compositions. The spinels seem to be pure and the patterns show the absence of any other crystalline phases. The mixtures of cobalt, magnesium, zinc and aluminium nitrates are more reactive to form a spinel structure by autoignition. The patterns of powders show the spinel peaks at the same diffraction angles, which proves their structural stability. The growth of crystallites occurs at a high calcination temperature. The variation in crystallite size of the spinels, which were estimated using the Scherrer equation, is shown in Fig. 4 as a function of metal content. This factor increases with an increase in the amount of Zn and decreases with the 
Optimization of pigment composition
The experimental values of colour difference, blueness and crystallite size signicantly depend on the mixture ratio of divalent metals. The polynomial models can be adjusted to the experimental data related to colour difference, blueness and crystallite size as a function of metal proportions. The coefficients reported in Table 2 represent the correlations between the colour difference, blueness and crystallite size with the cobalt, magnesium and zinc proportions denoted by z ¼ 1 À (x + y), x and y, respectively. The positive coefficient, which corresponds to the metal interactions, represents the effectiveness of the metals on the technical characteristics. The statistical evaluations include the predicted correlation coefficient, R 2 , and adjusted R 2 which shows the adjustment to a number of signicant factors and their interactions. It should be note that the unnecessary terms are not considered in the models and good correlations are observable between the experimental and predicted values. The maximum colour difference acceptable for the manufacture of blue pigment is 3.5. Blueness of at least 14.0 is needed for the practical manufacture of blue pigments and the crystallite size should be a minimum of 21 nm. The metal proportions corresponding to the optimum colour difference, blueness and crystallite size can be determined via contour plots. Fig. 5 illustrates the overlap of the technical factors in which the colour difference of 3.5, b* of À14.0 and crystallite size of 21 nm are simultaneously obtainable by the employment of the same moles of magnesium and zinc, which is 16.66 mol%. According to the previous discussion, there is an appropriate range in which the technical factors are simultaneously improved by the mixing of divalent metals. The employment of 66.67 mol% cobalt contributes to a decrease in colour difference and b* simultaneously. Based on the interaction of Fig. 2 and 4 , the common area was selected to minimize the crystallite size. Hence, the optimum combination of metals can be obtained from the interactions of the technical factors. An efficient increase in blueness cannot be achieved by changing the pigment composition; therefore an increase in calcination temperature is unavoidable.
Effect of calcination temperature on technical factors
The compositions denoted by A, F, G and J are located in the optimum area and indicate approximately similar values for the studied factors. Although, the composition I shows a higher DE, the other technical characteristics are in the standard ranges dened for blueness and crystallite size in this investigation. Therefore, these compositions were selected to investigate the effects of calcination temperature and pH. Table 3 reports the effect of calcination temperature on the chromatic performance. The precursors calcined at 1000 C exhibit lower b* values, which indicates a blue hue. In the cobalt based pigments, b* gradually increases with an increase in the calcination temperature. However, it is worth noting that b* decreases to the minimum of À20.9, for composition J, and then slowly increases to À18.5 for composition G. In addition, the DE of the pigments also exhibit the same trend with an increase in temperature. This phenomenon can be ascribed to the changes in chromatic behaviour. The discrepancy between b* values mainly determines the quality of the pigment. The minimum b* is related to the pigment synthesized with 33.33 mol% Zn, which indicates an increase in the degree of blueness. When the DE values are less than 2.7, the powders exhibit similar brightness.
The compositions denoted by A, F, G and J are located in optimum area and indicate the similar values for the studied factors, approximately. Although, the composition I shows higher DE, the other technical characteristics are in standard ranges dened for blueness and crystallite size in this investigation. Therefore, these compositions were selected to investigate the effects of calcination temperature and pH. Table 3 reports the effect of calcination temperature on the chromatic performance. The precursors calcined at 1000 C exhibit the lower b* values, indicating the blue hue. In the cobalt based pigments, the b* gradually increases with the rise in the calcination temperature. However, it is worth noting that the b* falls down to the minimum of À20.9, composition J, and then slowly increases to À18.5, composition G. In addition, DE of pigments also exhibit the same trend with rise in temperature. This phenomenon can be ascribed to changes in chromatic behaviour. The discrepancy between b* values mainly determines the quality of pigment. The minimum b* is related to the pigment synthesized by 33.33 mol% Zn, indicating an increase in the degree of blue. The DE values are less than 2.7 and the powders exhibit a similar brightness. Therefore, the I and G compositions were selected as optimum pigments for further qualitative studies. Fig. 6 shows XRD patterns of the powders calcined at 1000 C. The major peaks at 31, 36, 45, 55, 59, 65, 77 and 78 correspond to the hkl reections at 220, 311, 400, 422, 511, 440, 620 and 533, respectively. The patterns display reections similar to that for CoAl 2 O 4 . The spinel phase is well recrystallized since the diffraction peaks of the powders become sharper and narrower with an increase in zinc content. Higher crystallinity is observed with a higher Zn doping, which well develops the crystalline structure. There are no extra peaks in the XRD patterns which indicate that the powders contain a single phase. The crystallite size of the powder is about 26 nm which is due to the fact that the higher calcination temperature results in a larger grain size.
Effect of pH on technical factors
The colour parameters of the powders prepared in acidic and alkali environments and calcined at 1000 C are presented in Table 4 . The CoAl 2 O 4 nano-powder prepared in the absence of magnesium and zinc is considered as the reference powder. The presence of Co 2+ arranged in the octahedral positions of the cubic close-packed lattice results in the coloration of the lattice. The chromatic performance is negligibly affected by the magnesium and zinc concentrations if the synthesis is carried out under neural and alkali conditions. The best blue colour is obtained when the synthesis is carried out in acidic conditions. Moreover, among the powders calcined at 1000 C, composition plays a strong role on chromatic performance due to the presence of magnesium. The colour difference increases when pH is below 7 due to the effective change in b*. Fig. 7 indicates the XRD patterns of the powders prepared in acidic and alkali conditions and calcined at 1000 C. The absence of other peaks means that the synthetic environment does not inuence the purity of the powders. An improvement in the reection intensity is seen in the powder synthesized under alkali conditions, which conrms the efficient recrystallization. The effect of pH on crystallite size is also reported in Table 4 . The thermal treatment of the products at 1000 C results in the recrystallization of ne crystallites. Alteration of the solution conditions negligibly inuences the crystallite size of the powders. The preparation of composition J in an acidic environment yielded a nely crystalline product with the average dimension of 24.5 nm. As the pH increased, the crystallite size increased from 24.5 to 28.0 nm. However, composition J is better recrystallized than the other cases. The crystallite size of the F and I compositions is not sensitive to pH and the grain growth in the powders obtained under alkali conditions occurs slowly. The crystallite size of the powders prepared at neutral pH is almost smaller than that for the powders synthesized at a pH of 10.5. The most inuential parameter is temperature and pH only affects the crystallite size slightly.
FTIR spectra of the pigments
The FTIR spectra of the pigments synthesized under different conditions were recorded in the wavenumber range of 400-4000 cm À1 , as illustrated in 
Morphology of pigment particles
The SEM images of composition J are shown in Fig. 9 . The calcination temperature has an important effect on the size and uniformity of the particles. An irregular morphology is observed for the nano-particles of Co 0.67 Mg 0.16 Zn 0.16 Al 2 O 4 calcined at 900 C and 1000 C, where signicant structural differences were observed between the powders. The agglomeration and deposition of ultrane particles occurred as white akes in some positions. Cavities were formed between the particles in the pigment calcined at 900 C. An increase in calcination temperature led to the formation of closely packed clusters containing nano-particles. Fig. 10 shows the SEM micrographs of the reference composition, A, and composition J which was prepared in acidic and alkali environments. Fig. 10(a) indicates that the nanoparticles of CoAl 2 O 4 are agglomerated. The pigment contains small particles which tend to agglomerate. The agglomerated clusters are dense, therefore they would not be separated easily by grinding and the cavities remained between the particles. Fig. 10(b) and (c) present the SEM images of J composition synthesized in acidic and alkali environments. There is an appreciable change in morphology when the synthesis was performed in acidic conditions. Large irregular clusters are not observed in this case and the grown particles consist of spherical grains. Small particles with variable shapes and sizes are observed along with micro-pores for the powder prepared in alkali conditions, thus the agglomeration seems to be controlled by pH. The TEM image of the optimum composition, J, which was calcined at 1000 C, is presented in Fig. 10(d) . The powder exhibits particles with irregular shapes which are agglomerated due to calcination at a high temperature. The TEM image conrms the formation of nano-crystallites with cubic morphology. The powder consists of blocky particles with a diameter of 25-30 nm which is in good agreement with the value calculated from the XRD pattern. The order of magnitude obtained for the crystallite size by the Scherrer equation and TEM image is the same which proves the success of the applied methodology for the production of modied blue pigment. The BET specic surface areas for the A and J compositions were close to 21.3 and 15.9 m 2 g
À1
, respectively. The area of the J composition is less than that for CoAl 2 O 4 which conrms the evolution of the crystallite size.
Discussion
Flame type autoignition was observed for the gels synthesized at pH of 2.5 whilst smouldering type combustion occurred for the gels prepared at pHs of 7.0 and 10.5. Flaming ignition is related to the gas phase reaction and endures for seconds or a maximum one minute, whereas the solid-gas reaction occurs in the smouldering type combustion and the gels undergo decomposition, which lasts almost 5 minutes. The ignition of the gel directly depends on dominant species of glycine. NH 3 +-CH 2 COOH, NH 3 + CH 2 COO À and NH 2 CH 2 COO À are the dominant species formed in acidic, neutral and alkali conditions.
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Clearly the dissolution of hydroxides and protonation rate are promoted in the acidic environment. Therefore, interactions between NH 3 + CH 2 COOH and cations cannot be effectively formed and as a result the ame type ignition occurs in the gels prepared at a pH lower than 7.0. On the other hand, the -COOand NH 2 CH 2 COO À species cause strong interactions with cations which are benecial for dispersion and facilitate the solid-gas reaction. In conclusion, a higher energy is needed for decomposition and smouldering ignition is observed when gel preparation is performed at a pH higher than 7.0. Thus, it is evident that different types of autoignition cause changes in chromatic performance. The normal spinel characteristics were distinguished by the Raman spectrum of the blue powder and inverse spinel peaks were observed in the spectrum of green powder, as was previously reported.
5 Therefore, the powder prepared by the combustion technique has favorable colorant behavior at 1000 C. It is established that the color of spinel pigments depends on the calcination temperature, divalent metal proportion and initial solution pH. Independently, the ternary compositions calcined at 900 C do not exhibit the appropriate chromatic properties, but that at 1000 C show structural stability. Moreover, the blue color is quite stable at this temperature. are approximately identical to the reference standard pigment. As the temperature increases, their bonds are better formed, which is in the agreement with previous literature. 3, 5, 27 Owing to chromatic behaviour and calcination temperature, the mentioned compositions are suitable candidates for blue nano-pigment preparation in neutral environment. Although, the optimization of the synthetic condition yields nano-sized products, the specic surface area appears to be a function of cation radius in following order: Mg 2+ < Zn 2+ < Co 2+ , as reported previously.
13
The pH of the solution plays an important role in coloration. The precursor containing Co is better recrystallized than that containing Mg. Additionally, purity is slightly affected by pH during the formation of CoAl 2 O 4 . The purity of zinc aluminate powders is affected by pH. However, the synthesis of spinel in acidic conditions results in ZnAl 2 O 4 . Independent of cation type, ame combustion occurs when the gel preparation is carried out in acidic conditions. The ame type autoignition produces sufficient energy for the diffusion of ions into the cubic structure to form a well-crystalline spinel. Although, the 
Conclusions
The chromatic performance of Co 1À(x+y) Mg x Zn y Al 2 O 4 was investigated to reduce the pollution risk and safely synthesize a nano-sized blue pigment via self-combustion. The interactions are highlighted as a function of divalent metal proportions in which the technical limits were considered in the synthesis of the pigment. spinel structure under acidic conditions indicates a darker blue pigment. In comparison to cobalt aluminate oxide, the modied composition can be economically applied for the production of nano-sized pigments via a clean and safe technique.
